Background: Patients undergoing hemodialysis (HD) have low plasma levels of zinc (Zn), high plasma levels of copper (Cu), and exhibit increased oxidative stress, inflammation, and immune abnormalities. We evaluated the effects of Zn supplementation on abnormal plasma Cu/Zn ratios and clinical outcomes in HD patients. Design and Methods: Patients on long-term HD with lower than normal plasma concentrations of Zn (< 80 mg/dL) were randomized to receive daily oral Zn supplements (n = 40) or no supplements (n = 25) for eight weeks. Age-and sex-matched healthy individuals served as a control group (n = 38). A number of clinical parameters were measured before and after the supplementation period. Results: Compared with healthy subjects, patients had significantly elevated plasma Cu concentrations and Cu/Zn ratios, as well as higher levels of oxidative stress and pro-inflammatory cytokines. Patients who received Zn supplements for eight weeks had higher plasma concentrations of Zn and lower concentrations of Cu, along with reduced Cu/Zn ratios, oxidative stress status, and inflammatory responses compared to patients who did not receive Zn. Patients receiving Zn also showed significantly higher percentages of CD4 and CD19 lymphocytes, and elevated CD4/CD8 ratios. Conclusions: Zn supplementation ameliorates abnormally high plasma Cu/Zn ratios and may reduce oxidative stress, improve inflammatory status, and maintain immune function in patients undergoing long-term HD.
Introduction
The morbidity and mortality risks of long-term hemodialysis (HD) can be attributed to many factors including wasting, inflammation, oxidative stress, and impaired immune responsiveness [1, 2] . Patients on long-term HD have altered levels of essential trace minerals, predisposing them to such complications [3, 4] . In particular, these patients have significantly decreased plasma or serum zinc (Zn) concentrations [5, 6] . Zn has antioxidant and anti-inflammatory properties and regulates T-and B-lymphocyte function, making it vital for the maintenance of normal immune function and resistance to infection [7, 8] . HD patients have elevated levels of plasma copper (Cu) and a markedly increased Cu/Zn ratios [9, 10] . Cu also acts as an antioxidant and anti-inflammatory agent and is required for immune function [11] ; accordingly,
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International Publisher increased plasma levels of Cu and elevated Cu/Zn ratios are associated with nutritional abnormalities, oxidative stress, inflammation, and immune dysfunction [9, 10, 12] . The disruption of Zn and Cu levels has been suggested as a cause of clinical deterioration and adverse outcomes in HD patients. However, the mechanisms that mediate the homeostasis of Zn and Cu remain unknown.
Recent studies have shown that Zn supplementation increases serum Zn levels, improves the protein catabolic rate (PCR) [13] , and raises cholesterol and low-density lipoprotein concentrations [14, 15] in HD patients. Plasma levels of C-reactive protein (CRP), a biomarker for inflammation, have been shown to be lower in patients treated with Zn supplements [3] . However, few studies have explored whether Zn supplementation normalizes the plasma Cu/Zn ratios, decreases oxidative stress, or improves abnormalities of the immune response in these patients.
In the present preliminary investigation, we examined the effect of daily Zn supplementation on plasma concentrations of Zn and Cu and the Cu/Zn ratio, oxidant and antioxidant status, pro-inflammatory cytokines, and immune responses in HD patients with lower than normal Zn levels.
Materials and Methods

Patients
Between January 2008 and June 2009, chronic renal failure patients on regular HD from the renal dialysis unit were enrolled. Patients with less than 6 months of follow-up, or patients who were more than 70 years of age were excluded. All patients received four-hour HD sessions three times per week with a high-flux membrane dialyzer. The dialysate flow rate was 500 mL/min and the heparin was used as an anticoagulant. In addition, Kt/V value equal to or greater than 1.2, as an index of treatment adequacy [16] . In all participants, none had gastrointestinal disorders, liver diseases, cancers, mental retardation or dementia, psychiatric illness, received immune suppressant drugs, and supplementation with natural herbs, antioxidants, vitamins/minerals, and fish oils. All patients were clinically stable condition as outpatients.
In clinical characteristics of patients, hypertension, ischemic heart disease, dyslipidemia, diabetes mellitus, and some drugs use were also recorded. Hypertension was defined as the presence of hypertension history. Ischemic heart disease was diagnosed based on the following criteria: angina pectoris, history of myocardial infarction, coronary artery bypass surgery, or percutaneous coronary intervention. The dyslipidemia was designated as fasting triglycerides of 200 mg/dl or greater or patients who were receiving medical treatment of hyperlipidemia. Diabetes mellitus was defined as present if patients were using insulin or oral hypoglycemic agents.
Patients with low plasma Zn concentrations (< 80 mg/dL) were randomized, divided into two groups, and treated as follows: one group received oral supplementation with 11 mg elemental Zn per day (78-mg Zn gluconate) for eight weeks (n = 40) and the control group received no supplements (n = 40). Zn was administered after dinner and the daily dose was guided by internationally recommended daily intakes [17] and our previous pre-clinical observations of a series plasma Zn determination after Zn supplementation. A third group of healthy volunteers (n = 40) of similar age and gender from the health evaluation center were also included. All subjects signed an informed consent statement prior to inclusion in the study. The study protocol was approved by the ethics in human research committee of Kuang Tien General Hospital.
Biochemical Analyses
Blood samples were drawn in the morning from participants between 07:30 and 09:00, after an overnight fast of 12 h at baseline and again after eight weeks of Zn treatment; pre-dialysis blood specimens were obtained from arterio-venous shunts. Plasma concentrations of albumin, hemoglobin, blood urea nitrogen (BUN), creatinine, triglyceride, and glucose were determined using a Hitachi 7050 automatic analyzer (Hitachi Corp., Tokyo, Japan). The Kt/V values and the protein equivalent of total nitrogen appearance normalized to dry body weight (nPNA) that is an estimate of protein intake [18] , were determined in HD patients. Urine was collected from all of the patients before the start of dialysis therapy. In addition, the estimated glomerular filtration rate (eGFR) was obtained using the Modification of Diet in Renal Disease (MDRD) study equation [19] .
Determination of Trace Minerals
The concentrations of plasma Zn and Cu were measured by flame atomic absorption spectrophotometer (932 plus, GBC, Australia) using an air-acetylene flame without background correction at 213.9 and 324.71 nm, respectively. Triplicate absorbance readings were taken for each sample in the peak-height mode. Samples were digested in a H2O2/HNO3 mixture in a start D microwave-assisted digestion system (Milestone Microwave Labstation ETHOSD) and subsequently brought up the volume with double deionized water. Accuracy of this meth-od was confirmed by comparing to serum reference materials (level 2, NO0371, Seronorm, Nycomed, Oslo, Norway).
Measurement of Oxidative Stress Status
The extent of lipid peroxidation was determined by assaying the formation of malondialdehyde (MDA). Plasma samples were mixed with 3% sodium dodecyl sulfate, 0.1 N HCl, 10% phosphotungstic acid, and thiobarbituric acid, and then incubated at 95 °C for 60 min. The n-butanol was added and the mixture was shaken vigorously. After centrifugation at 12,000 x g and 4 °C for 15 min, the absorbance of the upper layer was read at 530 nm with excitation at 485 nm [10] .
The erythrocyte pellets were washed three times with cold isotonic saline. Lysate of erythrocytes was prepared by adding distilled water and keeping the mixture at 4°C for 15 min. Erythrocyte superoxide dismutase (SOD) enzyme activities were determined as indices of anti-oxidative capacity. The Cu, Zn-SOD activity was determined with SOD assay kits (Cayman, Ann Arbor, Michigan, USA); one unit was defined as the amount of enzyme necessary to produce 50% dismutation of the superoxide radicals. The absorbance was measured at 450 nm using a Multiskan Ascent microplate spectro-photometer (Thermo Labsystems). The activity of SOD was expressed in unit per gram of hemoglobin (U/g Hb).
Measurement of Inflammation Status
In plasma, the systemic marker of inflammation, high-sensitively C-reactive protein (hs-CRP) concentrations were measured using the hs-CRP ELISA kit (DRG Instrument GmbH, Marburg, Germany). In addition, inflammatory cytokines tumor necrosis factor-α (TNF-α)(#88-7346, eBioscience, San Diego, CA, USA) and IL-1β (#88-7010-86, ELISA Ready-SET-Go, eBioscience) were measured. Briefly, plasma samples were added to the wells and incubated with anti-TNF-α or IL-1β antibodies for overnight. Combined avidin-HRP and substrate solution was added to each well and was incubated at room temperature. The absorbance at 450 nm was measured, and readings were interpolated into the standard curve.
Determination of β-carotene, Vitamin C and E
Plasma concentrations of β-carotene and vitamin E were measured by reversed-phase HPLC (LabAlliance, HPLC Pumps, Systems & Accessories) [20] . Briefly, samples were extracted with n-hexane/ethanol containing α-tocopheryl acetate as an internal standard. The n-hexane layer was separated and evaporated to dryness. The residue was re-dissolved in the methanol/acetonitrile/ tetrahydrofuran mobile phase. A Gemini C18 column (250 x 4.6 mm, 5 μm)(Phenomenex) was used and peaks were detected at wavelengths of 450 nm for β-carotene and 295 nm for vitamin E. For plasma vitamin C determination, samples were immediately treated with 4% metaphosphoric acid/ dithiothreitol as a stabilizer. The product was then coupled to o-phenylenediamine to produce a chromophore, and absorbance was measured at 340 nm [21] .
Determination of Immunologic Parameters
Peripheral blood B-or T-lymphocytes of all subjects were stained with the following monoclonal antibodies, which conjugated with fluorescein isothiocyanate (FITC) and phycoerythrin (PE): CD3 FITC/ CD4 PE/CD8 PE/CD19 PE (eBioscience). Briefly, 100 μL of whole blood were incubated with 20 μL of monoclonal antibody reagent for 15 min in the dark at room temperature. Following leukocyte fixation and erythrocyte lysis with CyLyse lysing reagent kit (Partec, GMBH, Münster, Germany), the percentages of lymphocyte subsets were determined using a Partec CyFlow ML flow cytometer (Partec, GmbH).
Statistical analysis
Each value was expressed as the mean ± SD or medians (inter-quartile range), depending on the normality of data distribution (Shapiro-Wilk test). Comparisons of different variables were made by chi-square test, student's t-test, pair t-test, one-way analysis of variance (ANOVA), or Kruskal-Wallis ANOVA, as appropriate. A two-tailed p value < 0.05 was considered statistically significant.
Results
Clinical Data
A total of 40 control group patients who received no supplements were initially included. However, 15 patients were excluded due to incomplete baseline or follow up information (n=3), severe cold symptoms (n=7), or the use of additional herb or vitamin B complex during study period (n=5). All data were analysis for the remaining 25 patients. Two participants in the healthy group were also excluded from the analysis due to insufficient sample.
As shown in Table 1 , HD patients had significantly higher concentrations of BUN and plasma creatinine than healthy controls (p < 0.05), but had lower concentrations of hemoglobin and albumin. The concentrations of all other variables were comparable between the two patient groups. There were no particular subjective symptoms seen in the Zn-treated patients. After eight weeks, HD patients receiving Zn supplementation had markedly higher nPNA, hemoglobin, and albumin concentrations, as well as higher eGFR, than patients who did not receive Zn supplements (Figure 1 ). The Zn-treated patients had maintained a stable weight over the study periods; whereas weight loss in patients who did not receive Zn was found.
Trace Mineral Status
At baseline, patients had significantly lower plasma concentrations of Zn, higher plasma concentrations of Cu, and increased plasma Cu/Zn ratio than the healthy subjects ( Table 2 ). In the Zn supplementation group, there was a trend towards normalization of these parameters after the eight-week treatment period. Patients who did not receive Zn, however, continued to exhibit markedly lower plasma concentrations of Zn and higher Cu and higher Cu/Zn ratio compared to the healthy controls ( Figure  2 ).
Oxidative Stress Status
The plasma contents of oxidative product MDA were considerably increased in HD patients compared to healthy subjects (Table 2) . Further, a significant reduction in the activity of erythrocyte SOD in these patients was observed. After Zn supplementation, HD patients showed marked decreases in the levels of oxidative products together with an elevation of SOD activity compared to the control patients (Figure 1 ). However, a progressive increase in plasma oxidative product was observed in patients who did not receive Zn.
Inflammatory Status
CRP is a sensitive biomarker of inflammatory activity. HD patients had significantly higher plasma concentrations of hs-CRP than the healthy subjects ( Table 2 ). Increased plasma concentrations of the pro-inflammatory cytokines TNF-α and IL-1β were also observed in dialysis patients. After the treatment period, the Zn-supplemented patients had significantly decreased concentrations of hs-CRP, TNF-α, and IL-1β compared to patients not receiving Zn supplementation (Figure 2 ).
β-carotene, Vitamin C and E Concentrations
Plasma concentrations of β-carotene, vitamin C and E, biomarkers of antioxidant and immune function, were significantly lower in HD patients than in the healthy subjects ( Table 2 ). After the treatment period, the Zn-supplemented patients had markedly higher β-carotene, vitamin C and E concentrations compared with patients not receiving Zn supplementation (Figure 3 ).
Immunologic Variables
The percentages of circulating CD3 and CD4 T-lymphocytes in patients undergoing HD were significantly lower than in healthy subjects (Table 2) , as were the ratio of CD4 to CD8 subsets and the percentage of CD19 B-lymphocytes. After eight weeks, patients receiving Zn supplementation had markedly higher percentages of CD4 and CD19 lymphocytes, and non-significantly increased CD4/CD8 ratios (p = 0.09), compared with patients who did not receive Zn (Figure 3 ).
Correlation between Cu/Zn ratio, oxidative stress, and inflammation
After HD patients receiving Zn supplementation, plasma Cu/Zn ratio was positively correlated with the concentration of MDA (r = 0.346, p = 0.03). There were also positive relationships between plasma Cu/Zn ratio and hs-CRP (r = 0.354, p = 0.03), TNF-α (r = 0.359, p = 0.02), and IL-1β (r = 0.218, p = 0.18) (data not shown). 
Discussion
Our preliminary observation that HD patients with decreased plasma Zn levels had elevated plasma Cu concentrations, are consistent with the results of previous studies [22, 23] . Low plasma Zn concentrations are thought to result from Zn removal during dialysis treatment, decreased albumin levels, and reduced gastrointestinal absorption of Zn [1] . Moreover, increased expression of intracellular metallothioneins following oxidative stress or up-regulation of Zn-importing proteins by pro-inflammatory cytokines can reduce the plasma Zn levels [24] . In contrast, the release of Cu during tissue damage mediated by inflammation and impaired hepatic metabolism of Cu may account for increased plasma Cu concentrations; increased Cu levels are associated with elevated oxidative stress. Thus, HD patients are at higher risk of developing an imbalance of plasma Zn and Cu, which may increase the inflammatory process and oxidative stress.
Previous investigation has found that dialysis patients have abnormally increased plasma Cu/Zn ratios and elevated plasma concentrations of hs-CRP [10] , both of which associated with the development of renal failure [25] . In the present study, high plasma Cu/Zn ratios and increased inflammatory markers including hs-CRP, TNF-α, and IL-1β concentrations in HD patients were observed. Elevated levels of hs-CRP have been associated with endothelial injury and pro-inflammatory cytokine release, and thus lead to glomerular damage and progressive loss of kidney function [26, 27] . TNF-α and IL-1β also induce expression of leukocyte adhesion molecules and chemokines in progressive renal injury [28, 29] . The present finding indicated that high plasma Cu/Zn ratios reflect the abnormal Zn and Cu homeostasis, and would be a clinical predictor for their inflammatory status.
The effects of Zn supplementation (50-100 mg of elemental Zn from Zn sulfate for 42 or 90 days) on improving serum Zn and CRP concentrations in HD patients have been examined from small observational studies [3, 14] . Further supporting the findings of these studies, our results showed that Zn administration (10 mg of elemental Zn from Zn gluconate for eight weeks) in HD patients resulted in significantly elevated plasma Zn concentrations, decreased Cu concentrations and Cu/Zn ratios, and lower concentrations of hs-CRP and pro-inflammatory cytokines. Attenuated renal dys-function was also found in these patients on HD, although the increase in eGFR of approximately 5 ml/min was not clinically significant. These findings suggest that Zn treatment diminishes the inflammatory response and thus may be beneficial in patients with renal failure.
Furthermore, inflammation may cause malnutrition and increase the risk of poor outcomes in dialysis patients [30, 31] . Inverse correlations have been noted in dialysis patients between plasma hs-CRP and nutritional status and the efficacy of dialysis [27, 32] . Inflammatory process also increases urinary albumin excretion, and induces oxidation of albumin and hemoglobin [33, 34] . Improvements in nutritional status can attenuate inflammation and oxidative stress, which correlate with the decline of renal function [35] . We previously showed that increased plasma Cu/Zn ratios was associated with decreased plasma albumin and hemoglobin levels (well-known markers of nutritional status), although both albumin and hemoglobin concentrations were influenced by numerous factors [10] . Zn deficiency has been associated with diminished appetite and hyperleptinemia [36] . Malnutrition in HD patients may result from low plasma Zn levels, in which case Zn supplementation will be needed to prevent progressive malnutrition [37] . Zn supplementation may improve the acuity of taste and smell, increase food intake, and reduce protein-energy wasting [13] [14] [15] 38] . In the present preliminary study, dietary intake data before and after Zn supplementation were not available, which we consider to be a limitation. Patients receiving Zn showed markedly decreased plasma Cu/Zn ratios, an increase in nPNA, as well as markedly higher plasma concentrations of hemoglobin and albumin. Our observations suggest that Zn administration improves the oxidative stress and inflammatory process, and may therefore be effective in improving the nutritional status of HD patients.
Chronic inflammation markedly disturbs the immune competence of patients undergoing long-term HD [39] . Abnormalities in T-cell and B-cell function are well documented in these patients, and are known to increase morbidity and mortality [40] . Dialysis patients with decreased CD4/CD8 ratios and lower CD19 counts tend to suffer from malnutrition and inflammation, and have unfavorable outcomes [41] . An imbalanced Cu/Zn ratio has also been associated with poor immune system status [10] . Zn deficiency is associated with significantly decreased CD4/CD8 ratio and lower B-cells numbers [42] . In contrast, excessive Cu levels may significantly decrease the circulating CD4/CD8 ratio and activity of natural killer (NK) cells [43] . In the present study, patients who received Zn supplementation had higher CD4/CD8 ratios and percentages of CD19 cells than the control patients. These observations suggest that Zn supplementation would be beneficial for immune function in these patients with low plasma Zn concentrations.
Significantly decreased non-enzymatic antioxidant β-carotene, vitamins C, and vitamin E levels in HD patients were observed. Recent studies have shown that these micronutrients can modulate the immune responses. HD patients are particularly prone to vitamin C deficiency because of dietary restrictions, limited absorption, poor nutritional status, and uremic toxicity. Plasma vitamin C levels are positively associated with serum albumin concentrations and negatively associated with hs-CRP levels [44] . Dietary Zn deficiency significantly decreases plasma levels of vitamin E [45] . In addition, there was a significant increase in the number of NK cells by β-carotene [46] . Significant negative correlations between renal dysfunction and oxidative stress with plasma β-carotene levels were observed in patients receiving dialysis treatment [47] . In the present investigation, patients who received Zn supplements had a trend toward increased plasma β-carotene, vitamin C and E levels. Zn supplementation may improve the intake of foods that are high sources of these vitamins, and prevent the depletion of micronutrients attributed to high oxidative stress and inflammation. Thus, Zn administration has the potential to reduce the risk of those micronutrients loss, increase redox balance, and therefore can help to improve the immune function.
Though the present pilot investigation is not a double-blind placebo-controlled trial, the results show that administration of low doses of Zn decreased high plasma Cu/Zn ratios in chronic HD patients and contributed to reducing inflammation and oxidative stress, improve nutritional status, and having a beneficial effect on immune function. Further large-scale studies will be needed to clarify the effects and consider the amounts of Zn supplementation in patients. Based on our study, it is concluded that Zn supplementation may be necessary to ameliorate their clinical outcomes in chronic HD patients with lower than normal Zn levels.
